uni-and biparentally reared broods. Male dyads, therefore, had the same genetic parents, and the only difference between them was that one was raised under a uniparental regime and the other a biparental regime. Males had fresh food and water available throughout the experiment. Before being introduced to the mate choice apparatus, females were housed in a cage out of sight of the test males, so were unable to assess the choice of other females or make any previous assessment of either male. The order in which females were introduced to males was varied between each sibling pair. Trials were video-recorded by N.J.R. and watched by I.R.H., who was unaware of the identity of the test males. Females were recorded as making a preference for the male on the side of the cage at which she spent most of her time during the test. The experiment was conducted under the required conditions of ultraviolet (full spectrum) lighting 26 .
The hippocampus is necessary for the acquisition and retrieval of declarative memories 1, 2 . The best-characterized sensory input to the hippocampus is the perforant path projection from layer II of entorhinal cortex (EC) to the dentate gyrus 3, 4 . Signals are then processed sequentially in the hippocampal CA fields before returning to the cortex via CA1 pyramidal neuron spikes. There is another EC input-the temporoammonic (TA) pathway-consisting of axons from layer III EC neurons that make synaptic contacts on the distal dendrites of CA1 neurons 3, 5, 6 . Here we show that this pathway modulates both the plasticity and the output of the rat hippocampal formation. Bursts of TA activity can, depending on their timing, either increase or decrease the probability of Schaffer-collateral (SC)-evoked CA1 spikes. TA bursts can also significantly reduce the magnitude of synaptic potentiation at SC-CA1 synapses. The TA-CA1 synapse itself exhibits both long-term depression (LTD) and long-term potentiation (LTP). This capacity for bi-directional plasticity can, in turn, regulate the TA modulation of CA1 activity: LTP or LTD of the TA pathway either enhances or diminishes the gating of CA1 spikes and plasticity inhibition, respectively.
Using hippocampal slices optimized for stimulating both the SC and TA inputs 7, 8 (Fig. 1a, b) , we examined whether TA activity can gate SC-elicited spikes in CA1 pyramidal neurons. We first began with an SC stimulus strength that consistently evoked an excitatory postsynaptic potential (EPSP) but never a spike (Fig. 1c) . We found that when the SC stimulus was immediately preceded by a TA burst (10 stimuli at 100 Hz), the previously ineffective SC stimulus now evoked a spike. The spike enhancement occurred when the TA stimulus preceded the SC stimulus by 20-80 ms, suggesting temporal summation of the TA-and SC-elicited EPSPs (Fig. 1c, d ). The opposite phenomenon, spike-blocking 8, 9 , can also be observed. In this case, the SC axons are stimulated at a strength that reliably elicits a CA1 spike. If a short burst is delivered to TA axons about 400 ms before the SC stimulus, SC-elicited spiking of CA1 neurons is prevented (Fig. 1e ). This is due to a GABA B (g-aminobutyric acid)-mediated IPSP that reduces postsynaptic excitability; this IPSP can last for up to 1 s after a TA burst 8 . These data show that, depending on the relative timing of the TA input and the strength of SC stimulation, TA activity can either facilitate or block CA1 output. When a burst of TA activity precedes SC activity by #100 ms, SCelicited spiking will tend to be facilitated. Conversely, TA activity that precedes SC activity by as much as 200 ms will tend to inhibit SC-elicited spiking. Because CA1 neuron activity constitutes the principal output of the hippocampal formation, these data suggest that TA activity can gate information transfer out of the hippocampus.
The capacity for TA activation to influence SC-driven spiking suggests that TA activity might also modulate plasticity at the SC-CA synapses. Indeed an earlier study indicated that stimulation of the TA pathway could reduce LTP at the SC-CA1 synapses 10 . We reexamined this issue in the following way: we first determined a SC theta burst stimulation (TBS) protocol that could be applied repeatedly, each time yielding roughly the same magnitude and pattern of synaptic potentiation (Fig. 2a, d ). We then examined the letters to nature effects of TA activity on SC plasticity by jointly stimulating the two pathways. We used a TBS protocol to stimulate the TA path, as this most closely resembles the firing pattern of layer III entorhinal cortical neurons recorded in vivo 11, 12 . We found that simultaneous stimulation of the TA and SC fibres (the onset of TA TBS preceded SC TBS by 20 ms) significantly reduced the both the magnitude and the duration of SC plasticity (Fig. 2b-d) . After the joint TA þ SC stimulation, significantly greater plasticity was consistently elicited by a subsequent SC-alone theta burst episode (Fig. 2b-d) . In addition to diminishing the magnitude of the plasticity, joint TA þ SC stimulation resulted in an earlier return to baseline levels of synaptic transmission, when compared with plasticity elicited by SC stimulation alone (Fig 2a-c) . TA-induced inhibition of SC plasticity requires GABA A -mediated transmission, as bicuculline (20 mM) completely prevented the plasticity interference usually imposed by joint stimulation (Fig. 2d) . Indeed, in the presence of bicuculline a TA-induced enhancement of plasticity was observed, indicating that, in the absence of synaptic inhibition, TA-evoked EPSPs can sum, thereby facilitating SC-CA1 plasticity. Together with a previous study 10 , these data demonstrate that the TA pathway can regulate the plasticity of the SC-CA1 synapse.
The gating of spikes and plasticity indicates that the TA pathway can modulate the activity of the trisynaptic circuit. However, it is also possible that the TA input provides 'information' as well as modulation to the hippocampus. If this is so, the capacity for plasticity of TA transmission is probably important. Although LTD of TA synaptic transmission has been observed 7 , LTP has not been observed in hippocampal slices unless synaptic inhibition is prevented. We therefore re-examined the ability of the TA-CA1 synapses to exhibit LTP. We simultaneously recorded the SC-and TA-evoked field excitatory responses in stratum radiatum (SR) and stratum lacunosum moleculare (SLM), respectively, under conditions in which synaptic inhibition was intact. Four trains of high-frequency stimulation (HFS) to the TA axons resulted in a robust and long-lasting potentiation of synaptic transmission ( Fig.  3a) (mean percentage of baseline at 60 min after tetanus, 136.1^2.9%; n ¼ 25). The simultaneously recorded SC-CA1 response did not change upon induction of TA-LTP, providing further evidence that we obtained a complete separation of the two inputs ( Fig. 3a) (n ¼ 25). Consistent with the presence of NMDA (N-methyl-D-aspartate) receptors in SLM dendrites 13 was the observation that this TA-CA1 potentiation was blocked by an NMDA-receptor antagonist, D-2-amino-5-phosphonopentanoate (AP5) (50 mM), present during the tetanus (Fig. 3b) (n ¼ 7). Thus, TA-CA1 synapses exhibit both long-lasting depression 7 and potentiation, indicating that these synapses are capable of bidirectional synaptic modifications.
TA synaptic transmission can modulate both SC-CA1 spike activity and synaptic plasticity, and is itself subject to either upmodulation or downmodulation by LTP and LTD, respectively. Given these properties, we next examined whether the modulation of SC synaptic transmission by TA is plastic, in other words whether the TA-induced modulation of SC spikes or plasticity can be increased or decreased by LTP or LTD of the TA pathway. We addressed this in the following manner: we obtained baseline measurements of spike blocking or spike enhancement; we then induced either LTP or LTD in the TA pathway, and lastly we reassessed the efficacy of spike blocking or spike enhancement. As shown in Fig. 4 , the induction of TA plasticity had a potent effect on the CA1 spike gating. To avoid ceiling or floor effects, the initial magnitude of either spike enhancement or blocking determined whether TA-LTP or TA-LTD would be subsequently induced. In experiments in which little spike enhancement was initially observed, the induction of TA-LTP greatly facilitated spike enhancement (Fig. 4a, b) . Conversely, when strong spike enhancement was initially observed, its magnitude was markedly reduced by the induction of LTD at TA-CA1 synapses (Fig. 4c, d) . The spike blocking phenomenon was also potently modulated by TA plasticity. In experiments in which low levels of spike blocking were initially observed, TA-LTP facilitated subsequent spike-blocking attempts (Fig. 4e, f) . Conversely, after TA-LTD the spike-blocking efficacy was reduced (Fig. 4g, h) . Thus, the effect of TA plasticity was either to increase or to decrease the gain of spike gating: LTP increased the magnitude of both spike enhancement and blocking, whereas LTD decreased both phenomena.
We next determined whether plasticity in the TA pathway also changes its ability to modulate SC-CA plasticity. We assessed the potency of plasticity interference before or after establishing TA plasticity. As before, the initial level of plasticity interference dictated whether TA-LTP or LTD would be induced: high initial levels of plasticity interference were usually followed by LTD induction, whereas low levels were usually followed by LTP induction. The induction of LTP at TA synapses consistently increased the magnitude of plasticity interference (Fig. 5a, b) ; joint TBS of the TA and SC pathway resulted in smaller amounts of potentiation at the SC-CA1 synapses after TA-LTP (see Supplementary Information for simultaneously recorded TA responses). Thus, LTP induction at the TA synapses increased its ability to interfere with SC-CA1 plasticity. The opposite was true of LTD induction: interference with plasticity was reduced. The magnitude of SC-CA1 potentiation observed after TA-LTD was greater, indicating that the modulatory capabilities of the TA pathway were reduced (Fig. 5c,  d) . A change in the degree of plasticity interference was observed only when TA plasticity was induced; in separate experiments we examined the stability of plasticity interference by repeatedly testing the magnitude of potentiation observed after joint TA þ SC stimulation. When plasticity interference was initially low it stayed low in the absence of plasticity (Fig. 5b) ; conversely, when plasticity interference was initially high it stayed high in the absence of TA plasticity (Fig. 5d) . Thus, like the spike gating imposed by TA activity, the plasticity interference is also subject to significant modulation by plasticity of the TA-CA1 synapses themselves.
Thus, our data show that the TA-CA1 synapses can be either potentiated or depressed; this modification of the TA synapses by plasticity in turn modulates this pathway's ability to gate the output or plasticity of SC-CA1 synapses. Modulation of excitatory synaptic connections on inhibitory interneurons whose processes extend into SLM also influences the strength of TA-CA1 activity 8, 14 . The results indicate that the net TA modulation of CA3-CA1 synaptic transmission will be influenced dynamically by both the strength of the TA-CA1 synaptic connections as well as the relative timing of the TA and trisynaptic inputs to CA1. Detailed knowledge of the temporal firing properties of the different entorhinal cortical layers is needed for a full understanding of the interplay between these two inputs to CA1 pyramidal neurons.
These results indicate an important modulatory role for the TA pathway but also raise the possibility of a more fundamental role of TA-CA1 synaptic transmission in hippocampal information processing. The hippocampal formation is firmly established as being necessary for the formation and retention of declarative memories. In characterizing the synaptic contributions that underlie hippocampus-dependent memories, most studies have focused on entorhinal input to the dentate gyrus that is then serially processed a, Spike-enhancement protocol and CA1 neuron intracellular record before (black square) and after (red circle) TA-LTP. b, Summary of spike enhancement (TA-SC offset is the time by which the TA burst precedes the SC stimulus) before and after TA-LTP (n ¼ 15). c, Spike enhancement protocol and CA1 neuron intracellular record before (black square) and after (red circle) TA-LTD. d, Analysis of all experiments showing the amount of spike enhancement achieved before and after TA-LTD (n ¼ 6). e, Spike-blocking protocol and CA1 neuron record before (black square) and after (red circle) TA-LTP. f, Summary data showing spike blocking before and after TA-LTP (n ¼ 22). g, Spike-blocking protocol and CA1 neuron record before (black square) and after (red circle) TA-LTD. h, Summary of spike blocking before and after TA-LTD (n ¼ 10). Scale bars for a, c, e, g: 10 mV (vertical), 100 ms (horizontal).
letters to nature by synapses in areas CA3 and CA1 (the trisynaptic circuit). However, some studies suggest that the trisynaptic circuit is not necessary for some kinds of spatial memory 15, 16 . A distinguishing feature of pyramidal neurons of area CA3 or CA1 is their firing selectivity for particular locations in the animal's environment, the so-called 'place fields' 17 . These place fields are thought to contribute to hippocampus-dependent spatial behaviours. Some studies have shown that the trisynaptic circuit is not required for the establishment of place-selective cells 18, 19 . In these studies, the ablation of dentate granule cells 18 or CA3 pyramidal neurons 19 does not abolish CA1 place fields. Our plasticity results suggest that, in addition to modulating trisynaptic hippocampal function, the TA pathway could provide the information required for important aspects of memory and place-cell function.
A
Methods

Slice preparation and electrophysiology
Slices were prepared and microdissected to isolate the TA pathway, as described previously 7, 8 . In brief, after decapitation and removal of the brain, the dorsal surface of the posterior half of each hemisphere was glued to the stage of a cooled oscillating tissue slicer and covered with chilled artificial cerebrospinal fluid (ACSF) containing (in mM) 119 NaCl, 2.5 KCl, 1.3 MgSO 4 , 2.4 CaCl, 1.0 NaH 2 PO 4 , 26.3 NaHCO 3 , 11.0 glucose. Slices (500 mM) were cut, with the optimal slices (as assessed visually, by ease of identification of distinct layers, as well as electrophysiologically, by the presence of robust field potentials) generally found 4-4.5 mm below the ventral surface. Bipolar tungsten electrodes, either concentric or paired needles, were used for stimulation. One electrode was placed in SR to stimulate the SCs; the other in SLM to stimulate the TA pathway. Unless otherwise noted, all experiments were conducted with synaptic inhibition intact. Field recordings were made with low-resistance micropipettes filled with 3 M NaCl. The SC response was recorded in SR and the TA response in SLM. To clearly isolate the TA response it was necessary to dissect the slice further 7, 8 . The entire dentate gyrus was removed to eliminate the possibility of activation of the trisynaptic pathway and to prevent the contamination of a field response recorded in SLM by the much larger field elicited in the dentate gyrus by concurrent activation of the perforant path. In most experiments CA3 was also removed to eliminate the possibility of disynaptic activation via the perforant path projection to CA3. In addition, a cut was made through SR in distal CA1 (near the subiculum) perpendicular to the cell body layer to prevent the antidromic activation of SC by the stimulation electrode in SLM. SCs do not enter SLM to any appreciable extent 4 , so this cut cleanly isolates TA axons. Separation of the two pathways was confirmed by the observation of a positive-going field potential in the other layer 13 . Intracellular recording was conducted as described previously 7, 8 . The following stimulation protocols were used: HFS, 100 Hz for 1 s, repeated 4 times at 5-min intervals; TBS, 8 bursts of either 5 (SC) or 10 (TA) pulses at 100 Hz, 200 ms between bursts; low-frequency stimulation (LFS), stimulation at 1 Hz for 10 min. All stimulus pulses were of the same length and amplitude as test pulses. Test pulses were applied once every 30 s to each pathway. The initial slope of the field EPSP was measured. Drugs were applied by dilution of concentrated stock solutions into the perfusion medium. All chemicals were obtained from Sigma (St Louis, Missouri).
Data analysis
Data were collected directly by an IBM-compatible computer using in-house software. All numerical values are listed as means^s.e.m. unless otherwise stated. Depression and potentiation were measured by taking an average of the initial slopes of the field EPSPs (fEPSPs) over a 10-min period before and after the end of LFS, HFS or TBS. Spikeenhancing efficacy was calculated by measuring the spike probability (p) as follows:
Spike-blocking efficacy was calculated by measuring the spike probability (p) as follows: [p(SC alone) 2 p(TA þ SC)]/p(SC alone). Student's paired t-test was used to determine statistical significance for within-group comparisons; the unpaired t-test was used between groups. Data reported as significant (indicated by an asterisk in figures) achieved at least the P # 0.01 level. Points in figures represent means^s.e.m. across all experiments. Representative traces, shown in insets, are averages of five consecutive sweeps from a representative experiment, taken 5 min before LFS, HFS or TBS, and 60 min after the end of LFS, HFS or TBS.
Figure 5
Modulation of interference with plasticity by TA-LTP and LTD. a, Representative experiment monitoring SC-CA1 transmission in which LTP in the TA pathway (at the time indicated by the red-filled oblong) increased the plasticity interference. b, Summary of the potentiation for each TA þ SC stimulation epoch (first two bars) before and after LTP and the enhancement observed after SC stimulation alone. TA-LTP significantly increased plasticity interference (n ¼ 24). In separate control experiments (right bars), no change in plasticity interference occurred when the TA þ SC stimulation was applied again (n ¼ 5). c, Representative experiment in which TA-LTD (at the time indicated by the red-filled oblong) decreased plasticity interference. d, Summary of the potentiation for each TA þ SC stimulation epoch before and after TA-LTD and the enhancement observed after SC stimulation alone. TA-LTD significantly decreased plasticity interference (n ¼ 11). In separate control experiments no change in plasticity interference occurred when TA þ SC stimulation was applied again (n ¼ 5).
